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ABSTRACT

Nickel-base Alloy 690 and the associated weld Alloys 52 and 152 are typically used for nozzle
penetrations in replacement heads for pressurized water reactor (PWR) vessels, because of their
excellent overall resistance to general corrosion and environmental degradation, primarily stress
corrosion cracking (SCC). However, many of the existing PWRs reactors are expected to
operate for 40-80 years. Likewise, advanced water-cooled small modular reactors (SMRs) will
use Ni-Cr alloys and are expected to receive initial operating licenses for 60 years. Hence, the
thermal stability of Ni-Cr alloys is a potential concern for the long-term performance of both
existing and advanced nuclear plants, and possibly spent fuel storage containers. The objective
of this research is to understand the microstructural changes occurring in high-Cr, Ni-based
Alloy 690 during long time exposure to the reactor operating temperatures, and the effect of
these changes on the service performance. One area of particular concern is the potential for
long range ordering (LRO), i.e. formation of the intermetallic Ni,Cr phase under prolonged
exposure to reactor temperatures and/or irradiation, which can increase strength, decrease
ductility, and cause dimensional changes or lead to in-service embrittlement of components
made with these alloys. Hence, this research focused on the microstructural evolution and the
SCC response of Alloy 690 under accelerated thermal aging and irradiation conditions. The
materials studied involved Alloy 690 from two sources: (i) Alloy 690 plate from an Alloy 152
dissimilar metal weld (DMW) joining the Alloy 690 plate to Alloy 533 LAS, aged at three
different temperatures (370°C, 400°C and 450°C) for up to 75,000h (equivalent to 60 years of
service), and (ii) specimens neutron-irradiated in the BOR-60 reactor up to 40 dpa. For aged
Alloy 690 specimens, hardness was found to increase with aging time, however, the
microstructural characterization by means of synchrotron X-ray did not find evidence of LRO.
The microstructural characterization of neutron-irradiated specimens by TEM found no evidence
of LRO either. Testing in a primary water environment of Alloy 690 specimens aged to a 60-
year service equivalent revealed a fatigue and corrosion fatigue crack growth responses similar
to those measured on the un-aged alloy. The SCC CGR response was also low. Overall, the two
Alloy 690 heats investigated in this work, aged up to 60-year service equivalents or exposed to
neutron irradiation up to 40 dpa, did not exhibit a deterioration in microstructure or performance.
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1 Introduction

Nickel-based Alloy 690 and the associated weld Alloys 52 and 152 are typically used for nozzle
penetrations in replacement heads for pressurized water reactor (PWR) vessels, because of their
increased resistance to stress corrosion cracking (SCC) relative to Alloys 600, 82, and 182 [1, 2]. Many
of these reactors are expected to operate for 40-80 years. Likewise, advanced water-cooled small
modular reactors (SMRs) will use Ni-Cr alloys in their primary systems and are expected to receive
initial operating licenses for 60 years. For spent fuel containers, the desired lifetime is 10,000 years.
Hence, the thermal stability of Ni-Cr alloys is a potential concern for the long-term performance of
nuclear plants and possibly spent fuel storage containers.

One area of concern is that the long time exposure to reactor operating temperatures can result in long
range ordering (LRO), i.e. formation of the intermetallic Ni>oCr phase which can lead to in-service
embrittlement of Ni-Cr components. Research with binary Ni-Cr binary alloys by Young et al [3] have
found that LRO promotes SCC, with an SCC CGR 1,000x larger than the non-ordered version of the
alloy. However, Fe plays a key role in ordering, and it is not clear at this time whether LRO occurs in
commercial heats as the addition of Fe was found to hinder LRO formation [4].

Perhaps the most comprehensive study on LRO of Alloy 690 was conducted by Framatome/ EdF [5, 6].
One of the main findings of this study was that an Alloy 690 heat at with 7.2 wt. % Fe requires 70,000 h
to develop LRO at 420°C, while ordering had not occurred in Alloy 690 with 10.4 wt. % Fe aged for
70,000 h at the same temperature. 20% added cold-work was found to decrease the time to develop
LRO slightly, to 60,000h. More recently, Huotilainen et al. found significant increases in hardness in
two of the four heats aged at 420°C up to 10,000h at 400°C [7]. The two heats that hardened had a
lower Fe content than the heats that did not harden as a result of aging (9.53 and 9.3 wt. % vs. 10.37 and
10.04 wt. %). The latter observation is consistent with the formation of LRO as its kinetics are known to
decrease with Fe concentration, however, Fe levels of up to 10 wt. % were found not to impede the LRO
formation [4]. Nevertheless, the hardening reported in two of the four heats is similar to that resulting
from 15-20% added cold work [7], thus, may have the potential to lead to moderate SCC CGRs,
comparable to those typical of Alloy 600. Another remarkable recent study has found that LRO
precipitation under proton irradiation was observed for the first time, in alloys C22, 625, 625P, 625D,
725, and 690 [8]. The Fe level in the Alloy 690 heat was 10.38 wt. %, and the irradiation was conducted
at 360°C with 2 MeV protons to a damage level of 2.5 dpa.

Overall, the research to date on the effect of aging in Ni-based alloys seems to have been focused almost
exclusively on the base alloys, and primarily on model alloys as the investigators sought to gain a
fundamental understanding of the mechanisms in play. As a result, research on commercial heats has
been extremely scarce and limited to microstructural examinations. As noted previously, with the
notable exception of the study by Young et. al [3] on model alloy Ni-33Cr, the effects of those
microstructural changes on the SCC response have not been evaluated.

The need for an assessment of the long-term aging effects on the performance in Alloy 690 and
associated weldments was identified as a research gap in the Light Water Reactor Sustainability
(LWRS) stakeholders report for 2020 [9], and was recognized as a strategic research need by both
industry [2, 10] and regulators [11]. Hence, the research undertaken in this project aims to address that
need, and bridge the gap between the microstructural examination and performance testing. In order to
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study the effect of aging on performance, ANL produced an Alloy 152 dissimilar metal weld joining
Alloy 690 and Alloy 533 LAS in 2011, identical to the one developed and produced for the US NRC
program in 2010, which was then aged up to 75,000h over the following nine years, to 30 and 60-year
service equivalents. This creates the opportunity to examine the effects of aging in several pedigreed
alloys that have been characterized and tested extensively at ANL and worldwide in the un-aged
condition over the past decade.

Chapter 2 describes the weld mockup used in the aging study, including the materials of fabrication, the
schematic design of the welds, and the weld fabrication processes. One of the objectives for this
weldments was that the materials and welding parameters be representative of those used for actual
welds used in service. In addition, prompted by the results presented in [8] where protons were found to
induce LRO, Alloy 690 specimens irradiated in the BOR-60 reactor and tested at ANL under the US
NRC program, were re-examined to investigate whether neutron irradiation can also induce LRO.
Chapter 2 also presents the equipment used in the microstructural examinations. The crack growth
testing equipment and experimental approach are also presented. ANL generally followed a well-
established testing protocol that has been employed for a number of years and was reported in previous
ANL reports.

Chapter 3 provides findings of the microstructural examinations and the results of the crack growth rate
tests. Complete CGR data sets are provided as a function of testing conditions, and presented as crack
advance vs. time plots.

Chapter 4 provides a discussion of the testing results in the framework provided by the well-established
fatigue and corrosion fatigue behavior for these alloys, as well as the industry-proposed disposition
curves for crack growth [1]. Finally, Chapter 5 gives a summary of the main findings and conclusions.

ANL/LWRS-21/1 2
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2 Experimental

This section describes the alloys used in this study, the equipment used for microstructural analysis, the
configuration of test specimens for crack growth rate (CGR) testing, and the CGR test apparatus and
experimental approach.

2.1 Alloys

The alloys used in this work came from two sources: 1) aged Alloy 690 plate, part of a weldment that was
aged to 30-year and 60-year service equivalents, and ii) Alloy 690 specimens neutron-irradiated in the
BOR-60 reactor up to 40 dpa. Since the focus of the study was LRO, model alloy Ni-33Cr — with known
susceptibility to LRO - was also included in the investigation.

2.1.1 Alloy 690 to Alloy 533 Grade B Joint (Alloy 152 weld produced by ANL)

The research presented in this report focuses on aged Alloy 690 which was part of a weldment, hence,
for completeness, this section presents the all the component materials and steps undertaken to produce
the weldment.

The Alloy 690 (Heat NX3297HK 12) was received from Nuclear Alloy Corp. in a plate form that was
6.4-cm (2.25-in.) thick x 7.6-cm (3-in.) wide x 86.4-cm (34-in.) long. The designation for the
metallurgical condition of the as-received plate was MIL-DTL-24802. To reach this condition, the alloy
was vacuum-induction-melted, electro-slag-remelted, hot-rolled, de-scaled, and annealed at 1038°C
(1900°F) for 2 h, then air-cooled. The chemical composition provided by the vendor, as well as that
determined at ANL by inductively-coupled plasma optical emission spectrometry (ICP-OES), is
reported in Table 1.

Table 1 Chemical composition (wt.%) of Alloy 690 (Heat NX3297HK12) plate.

Alloy ID (Heat) Analysis C Mn Fe S P Si Cu Ni Cr Ti Nb Co

A 690WC (NX3297HK12)  Vendor  0.03 0.20 9.9  <0.001 - 0.07  0.01 59.5 29.5 - -
ANL 0.04 0.33 853 0.001 0.003 0.02 0.04 59.67 3082 047 0.01 <0.01

The Alloy 690 plate was used to produce a 3-inch thick Alloy 152 butt weld to SA-533 Gr B class 1

steel (Heat A5466-2 from the Midland reactor lower head [12]) buttered with Alloy 152 filler metal.

The geometry of the joint is shown in Figure 1. The joint was designed with a straight edge on the Alloy
690 side to facilitate SCC CGR testing of the Alloy 690 heat affected zone (HAZ). The SMAW
welding procedure was qualified to ASME Section IX by ANL Central Shops [13].
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3
INCONEL B30
Figure 1 Joint design, Alloy 690 to SA-533 Gr B. Units are in inch.

2.1.1.1 Alloy 152 Weld Buttering

The LAS plate was machined with a bevel on one end. The beveled end was buttered with Alloy 152
F43 filler metal. A record was kept of the number and location of weld passes together with the heat
code of the filler metal used, and the welding parameters that were used [13]. This record is shown in
[13]. After each layer, a liquid penetrant (LP) check was performed. After buttering, the LAS piece was
stress relieved at 1150 + 25°F for 3h. The chemical composition of the Alloy 152 filler heat 720129 that
was used to produce the first layer of buttering is given in Table 3.

Table 2 Welding process and conditions for various weld passes used for fabricating the Alloy 152 butter

Weld Filler Filler Size, Heat Code Type Current, Voltage, Travel Speed, Notes

Pass Process Metal in. Polarity A \ in./min

1-23 SMAW Alloy 152, 1/8 720129 DCRP 97-102 21-23 5 Layer 1
EniCrFe-7 LP

24-44 SMAW Alloy 152, 5/32 146444 DCRP 113-117 25-26 5 Layer 2
EniCrFe-7 LP

45-65 SMAW Alloy 152, 5/32 146444 DCRP 113-117 25-26 5 Layer 3
EniCrFe-7 LP

DCRP = direct current reverse polarity

Table 3 Chemical composition (wt.%) of Alloy 152 heats used to produce the weld buttering

Alloy ID  Analysis C Mn Fe S P Si Cu Ni Cr Ti Nb+Ta Co
A152 CMTR 0.037 3.70 9.28 <0.001  <0.003 0.51 0.01 5526 2892 0.12 1.92 <0.01
(720129)

Al152 CMTR 0040 356 936 <0.001 <0.003 046 <0.01 5525 29.04 015 184  <0.01
(146444)
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2.1.1.2 Alloy 152 Butt Weld

The buttered LAS piece described in the previous sub-section was beveled on the buttered edge leaving
¥4 of Alloy 152 F43 weld material on the face, and a section of Alloy 690 plate was used to make the
opposing part of the butt weld. A double bevel J-grove weld was produced according to the design
shown in Figure 1, and the number and location of weld passes together with the heat code of the filler
metal used, as well as the welding parameters are given in Table 4. The root pass of the weld and back
grind was LP tested, and the final weld surface was also LP tested. The final weld was radiographed per

ASME Section IX. The resulting weld along with its component heats is shown in Figure 2. The
chemical composition of the Alloy 152 filler heat WC04F6 that was used to complete the butt weld is
given in Table 5.

Table 4 Welding process and conditions for various weld passes used for fabricating the A152 butt weld
Weld Filler Filler Size, Type Current, Voltage,  Travel Speed,
Pass Process Metal in. Heat Code Polarity A \ in./min Notes
1-8 SMAW Alloy 152, 1/8 720129 DCRP 97-102 21-23 5
EniCrFe-7
9-14 SMAW Alloy 152, 1/8 146444 DCRP 97-102 25-26 5 Root LP
EniCrFe-7 BGLP
15-26 SMAW Alloy 152, 5/32 146444 DCRP 113-117 25-26 5 Final LP
EniCrFe-7
27-76 SMAW Alloy 152, 1/8 WCO4F6 DCRP 97-102 25-26 5 Final LP
EniCrFe-7
DCRP = direct current reverse polarity
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Figure 2

Schematic of the Alloy 152 weld joining Alloy 690 and Alloy 533 produced for aging in 2011. The weld
was produced in an identical fashion using the same materials and procedures used to produce the

weld for the US NRC program a year earlier. The table below the weld schematic shows the Alloy 152
weld heats and welding parameters.
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Table 5 Chemical composition (wt.%) of Alloy 152 heat WC04F6 used to complete the butt weld

Alloy ID (Heat)  Analysis C Mn Fe S P Si Cu Ni Cr Ti Nb Co
A152 (WC04F6) CMTR 0.048 348 1039  0.003 0.003 041 <0.01 5520 28.70 0.09 1.54 <0.005
ANL - 3.88  9.56 - <0.08  0.52 <0.04 5370 2840 0.10 1.80 <0.04

2.1.2 Prior characterization and testing of the un-aged Alloy 690 to Alloy 533 Grade B Joint

One of the main advantages of using the weldment described in this section for an aging study is the
existence of a large database for benchmarking. The non-aged material from the sister weldment have
been tested extensively at ANL under an US NRC program [14-16] and elsewhere. Some key findings
are as follows:

Alloy 690:

- Alloy 690 Heat NX3297HK 12 was the original material used by ANL in 2006 to show that 26%
cold work promotes SCC growth in Alloy 690. The material was shared with several other
laboratories and was tested extensively worldwide. Notably, 11% - the most from any one heat -
of the data points in the MRP-386 database [2] were obtained using this heat. Alloy 690 Heat
NX3297HK12 has a Fe content below 10 wt. % (9.9 and 8.53 wt. % in two independent
measurements, Table 1), so it could be prone to developing LRO under long term exposure.

The Alloy 152 weldment was produced with three heats:

- Alloy 152 Weld Heat WCO04F6 was used in the upper J-weld. It was tested extensively at ANL
[14, 16] and elsewhere, and significant IG SCC was developed routinely in testing. It is the most
SCC-susceptible weldment in the MRP-386 database [2]. Alloy 152 Weld Heat WC04F6 has a
Fe content of 10.39 wt. % (Table 5), so it would be less prone to the formation of LRO under
long term exposure.

- Alloy 152 Weld Heat 720129 was used to weld on both sides of the root. It has not been tested
as part of the weld, but was tested as the first buttering layer on Alloy 533 LAS. Alloy 152 Weld
Heat 720129 has a Fe content of 9.28 wt. % (see Table 3), so it would be prone to LRO
formation under long term exposure.

- Alloy 152 Weld Heat 146144 was used to complete the bottom J-weld. It has not been tested as
part of the weld, but was tested as the second buttering layer on Alloy 533 LAS. Alloy 152
Weld Heat 146144 has a Fe content of 9.36 wt. % (see Table 3), so it would be prone to LRO
formation under long term exposure.

The Alloy 152 butter was produced with two heats (Table 3):

- Alloy 152 Weld Heat 720129 was used as a first layer butter on Alloy 533 LAS. It has been
tested extensively at ANL [15] and elsewhere. In SCC CGR testing, this weldment produced
fully IG-engaged crack fronts, and very high rates [15]. The weldment and tested specimens
were examined extensively at ANL and worldwide. Alloy 152 Weld Heat 720129 has a Fe
content of 9.28 wt. % (see Table 3), so it would be prone to LRO formation under long term
exposure.

- Alloy 152 Weld Heat 146144 was used as a second layer butter on the Alloy 533 LAS and was
tested in that configuration. This weldment was found to be resistant. Alloy 152 Weld Heat
146144 has a Fe content of 9.36 wt. % (see Table 3), so it would be prone to LRO formation
under long term exposure.
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This weldment was also made available to collaborators from Korea, and the microstructure of the
Alloy 152 weld, particularly the butter, was examined extensively in the non-aged and intermediate
aged conditions [17, 18].

2.1.3 Aging of the Alloy 690 to Alloy 533 Grade B Joint

In order to emulate the thermal exposure at temperatures of 320°C during 30-year and 60-year service
lifetimes of a component, this study employed an accelerated aging approach. The aging conditions
were determined using the following equation:

to .
laging _ o -Q 1 __1 (1)
tref R Tref Taging

where taging 1s the aging time (h), trer is the service time at operation temperature (h), Taging 1S aging
temperature (K), Trer is operation temperature (K), R is the gas constant, and Q is the activation energy.

The 30-year and 60-year year service equivalents were estimated for three aging temperatures (370°C,
400°C, and 450°C) using Eq. (1) with an activation energy of 125 kJ/mol, in excellent agreement with
the Framatome/EdF estimate for LRO formation [6], and the results are shown in Figure 3. The figure
also includes a photograph of the actual aged weld pieces. The maximum accelerated aging temperature
was 450°C to prevent the formation of microstructural phases atypical of normal operating conditions,
such as excessive carbides or sigma phases. Specimens are designated by “temperature — service
equivalent”, for example specimen “400-Y 60 was aged at a temperature of 400°C to reach a 60-year
equivalent exposure at 320°C.

100000 F T T T T T T T T T T T T T T T T I T T T T T T T T
I Alloy 690 Heat NX3297HK12

370-Y60
- ' (74,808 h)
80000 [~ !

60000 |-

! 370-Y30
! (41,520 h)

Equivalent aging time (h)

40000 | 1 400-Y60 4
I i ! (29,445 h)

| 370°C !

- ! 400-Y30 ‘ E

20000 - ! (13,045 h) —

I 400°c ; ! 450-Y60

- : |(sa72h) ]

450°C
Tt

I
T T TN O T Y M ¥

10 20 30 40 50 60 70 80

Service time at 320°C (years)
(a) (b)

Figure 3 (a) Diagram showing the total hours for each aging temperature (370°C, 400°C, and 450°C). Estimates
for 30-year and 60-year service equivalents calculated using Eq. (1) with an activation energy of 125
kJ/mol. The diagram also includes the actual aging times. (b) photograph of the actual pieces of Alloy
152 weld joining Alloy 690 and Alloy 533 that were aged.
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2.1.4 Neutron-irradiated Alloy 690

The chemical compositions of the Alloy 690 alloys that were irradiated in the BOR-60 reactor are
provided in Table 6. One heat was Grain Boundary Engineered (GBE), a theremo-mechanical
processing used to increase the proportions of low energy, SCC-resistant [19] Coincident Site Lattice
(CSL) grain boundaries. The first heat, 690 GBE, has a Fe content of 10.26 wt. % which makes it
comparable to that used in [8], in which proton irradiation of 2.5 dpa at 360°C was found to induce
LRO. The Fe level in the second Alloy 690 heat, 690 BASE, was 9.02 wt. %, so it would also be prone
to LRO formation under long term thermal exposure.

Table 6 Chemical composition (wt.%) of the Alloy 690 heats irradiated in BOR-60 reactor

Heat ID Addtl. Processing ~ Code C Fe S P Si Ni Cr
690 GBE GBE El 0.010 1026  0.003 - 0.030 59.40 29.10
690 BASE none E2 0.030 9.02 <0.01 - 0.005 61.49 29.24

GBE = Grain Boundary Engineered

Irradiation of Alloy 690 was conducted in the BOR-60 reactor, a sodium-cooled fast breeder reactor
located in the Research Institute of Atomic Reactor (RIAR), Dimitrovgrad, Russia. TEM disks
concealed in four weeper capsules were irradiated to 5, 10, 20 and 40 dpa, respectively, during Boris-6
and -7 irradiation experiments. The Boris-6 irradiation included 8 irradiation sub-cycles and several
shut-down periods, and the Boris-7 irradiation had 6 irradiation sub-cycles. The irradiation experiments
were conducted in the fifth row of the reactor core. Neutron fluence was monitored with 5 dosimeters
loaded in the central channel of the irradiation rig along with the specimens. The analyses of these
dosimeters were carried out by RIAR after irradiation. The sample temperature during irradiation was
controlled by the inlet and outlet sodium, which was kept at 315 and 325°C, respectively. Magnesium-
Zinc eutectic thermal monitors were also placed among the samples, confirming that the peak irradiation
temperature did not exceed 343°C.

2.1.5 Prior characterization and testing of the neutron-irradiated Alloy 690

Along with the TEM samples, small tensile samples of Alloy 690, with and without prior GBE
treatment, were also irradiated to ~5 and 10 dpa in the BOR-60. These samples were tested at ~315°C in
simulated PWR coolant with a nominal strain rate of 7.4 1077 s! (Figure 4). No elevated IASCC
susceptibility was detected among these samples in the test environment. The yield stress and the
ultimate tensile strength of GBE 690 were slightly lower than that of Alloy 690 at both doses. The total
elongation of GBE 690 was also ~10% and ~5% greater than its non-GBE counterparts at 5 and 10 dpa,
respectively. The dominant fracture mode of all samples was ductile dimples, suggesting a good IASCC
resistance of these alloys in the test environment.
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Figure 4 Stress-vs.-strain curves of Alloy 690 in PWR water at 315°C.

2.1.6 Model Ni-33Cr Alloy

Given that model alloys tend to develop LRO readily (see for example ref. [3]), a piece of model alloy
with demonstrated LRO history [20] was obtained for this program from one of the authors, Dr. S.S.
Kim of KAERI, Korea. The Ni-33Cr plate was made by vacuum induction melting followed by hot
rolling at 1200°C, solution annealing at 1050°C for 1 h and water quenching. At ANL, this solution-
annealed alloy was subjected to two different aging treatments at 475°C known to induce LRO [3]. The
intent is to use these conditions as reference for the material characterization effort undertaken in this
program which involves commercial heats.

2.2 Microstructural Characterization

The microstructural characterization involved hardness testing as well as analytical techniques such as
diffraction at ANL APS or in a TEM focusing on detecting LRO.

2.2.1 X-ray Diffraction at Argonne APS

X-ray diffraction experiments were undertaken at ANL APS with the purpose of detecting LRO in aged
Alloy 690 specimens. A similar evaluation have been undertaken previously at ANL APS on a model
Ni-33Cr alloy where LRO occurs readily, in as little as 240h under thermal exposure of 475°C [20]. For
example, Figure 5 (taken from ref. [20]) shows synchrotron X-ray diffraction peaks from Ni-33Cr alloy
in water-quenched and aged conditions. The initial portions of the respective spectra are magnified and
are shown as inserts in each figure. In addition to the expected FCC peaks that are present in all alloy
conditions, figures (c) and (d) exhibit peaks - indexed with red — typical of PtoMo-type domains. These
Pt:Mo superlattice peaks with d-spacings of 3.76 A, 3.24 A, and 2.38 A were indexed as the (020),
(011), and (110) of the BCO structure, and indicate the occurrence of PtoMo-type ordering, i.e., LRO in
aged samples.
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Figure 5 Synchrotron X-ray peaks from Ni-33Cr alloy (a) water-quenched alloy (b) 90 h aged (c) 240 h aged (d)

8000 h aged. Initial portions of the respective spectra are magnified and are shown as insets. In
addition to the FCC peaks that are present in all alloy conditions, (¢) and (d) show peaks (indexed with
red) from Pt2Mo-type domains (taken from ref. [20]).

For the present research, the X-ray diffraction experiments at the ANL APS involved two beam sessions
at the 1-ID beamline, and the experimental details are summarized in Table 7. The detectors were
calibrated with either a CeO2 powder sample (NIST standard SRM674b) or a LaBg¢ standard sample
(NIST standard SRM660B). All the samples were nominally 1-mm thick. For each sample, 100
exposures were made while the sample was continuously moved. The 100 frames were then averaged.
This approach maximized the number of grains that the beam sampled to create powder-like diffraction
patterns for high-fidelity data analysis. The 2D patterns were transformed into intensity maps of
azimuth angles versus radial positions, and were integrated in the azimuthal direction to create the 1-D
diffraction profiles for phase identification.

Table 7 Experimental details for the X-ray diffraction conductucted at ANL APS on aged Alloy 690 specimens

Material Sample condition Detector Sample to X-ray energy Beam size (mm?)
detector (keV)
distance (mm)
Alloy 690 reference Pilatus3X CdTe 2M 950 71.676 0.2 x0.2
Alloy 690 400-Y60 Pilatus3X CdTe 2M 950 71.676 0.2 x0.2
Alloy 690 450-Y60 Pilatus3X CdTe 2M 950 71.676 0.2 x0.2
Alloy 690 370-Y60 GE-41RT 837 71.676 0.2 x0.2
Alloy 690 370-Y60 HAZ GE-41RT 837 71.676 0.2 x0.2
2.2.2 TEM

The neutron-irradiated 3-mm disks of Alloy 690 were electrochemically polished to obtain TEM thin
foils. A twin-jet polisher (TenuPol-5) from Struers was used for polishing. The electrolyte was a
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methanol solution containing 5% perchloric acid. The polishing process was carried out in two steps.
First, the 3-mm TEM disk was loaded in a sample holder and thinned to about 100-150 um thick in the
polisher. Then, the disk was perforated at the disk center to generate a wedged area transparent to
electron beam. The optimal polishing condition for this material was -30°C, 25 V, and ~100 mA. After
polishing, the TEM foils were cleaned and transferred to the IVEM facility for characterization.

A Hitachi-H9000 TEM operated at 300 keV was used to characterize the polished Alloy 690 specimens.
The samples were imaged with the bright-field (BF), dark-field (DF), and rel-rod DF imaging techniques
for irradiation defects. To search for LRO, selected area diffraction patterns were taken in zone axes,
and the presence of superlattice reflections was considered as the evidence of LRO. In addition, the
samples were also examined with a through-focus technique to see if voids were generated by the
neutron irradiation in Alloy 690 at PWR-relevant temperature.

2.3 PWSCC Crack Growth Rate Testing

2.3.1 Compact tension (CT) Specimens

The tests conducted under this project were performed on %2-T compact tension (CT) specimens; the
geometry of the CT specimens is shown in Figure 6. The CGR tests were conducted in simulated PWR
environments at 320°C. The testing protocol was in accordance with ASTM E-647, “Standard Test
Method for Measurement of Fatigue Crack Growth Rates,” [21] and ASTM E-1681, “Standard Test
Method for Determining a Threshold Stress Intensity Factor for Environment-Assisted Cracking of
Metallic Materials under Constant Load” [22].
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Figure 6 Configuration of the 2-T CT specimen used for this study. Dimensions are in mm.

2.3.2 PWSCC Crack Growth Test Facilities

The CGR tests were conducted in test facilities equipped with either 2 or 6-liter stainless steel (SS)
autoclaves. Each system has a suite of calibrated instrumentation, including digitally controlled
hydraulic loading and load cells, and an independent water loop to maintain a simulated PWR
environment with water chemistry monitoring. The test systems are nearly identical except for the
maximum load rating of the test frame and the volume of the autoclave vessel. A detailed description
of the test system with the 2-liter autoclave is provided in this section.
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The 2-liter autoclave test facility allows test temperatures of up to 350°C. Figure 7 is a photograph
showing the entire test system. The servo-hydraulic test frame consists of a load train, an autoclave
support frame, and autoclave. The hydraulic actuator is mounted on bottom of the test frame, with the
load train components located above it. The load cell is located at the bottom of the pull rod. An
Instron Model 8800 system is used to control the load on the specimen. The test temperature is
maintained by heater bands mounted on the autoclave body.
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Figure 7 Layout of the 2-liter SCC test system.

The autoclave support frame consists of a thick plate supported by four compression rods (Figure 8).
The internal load frame that contains the test specimen consists of a top plate supported by three rods.
The upper two-piece clevis assembly is fastened to the top plate of the internal load frame, and the lower
piece clevis assembly is connected to the pull rod. The specimen to be tested is mounted between the
clevises. The specimen and clevises are kept electrically insulated from the load train by using oxidized
Zircaloy pins and mica washers to connect the clevises to the rest of the load train. Water is circulated
through a port in the autoclave head, which serves both as inlet and outlet. A schematic diagram of the
recirculating water system is shown in Figure 9.
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Figure 8 Photograph of the specimen load train for the 2-liter autoclave

The simulated PWR feedwater contains 2 ppm Li as LiOH, 1000 ppm B as HBO3, =2 ppm dissolved
hydrogen (=23 cm?/kg), and less than 10 ppb dissolved oxygen (DO) [23]. Water is circulated at
relatively low flow rates (15-25 mL/min). The test temperatures were 320°C.

Crack extensions are monitored by the reversing-direct current (DC) potential difference method, Figure
10. In this method, a constant DC current is passed through the test specimen and the crack length is
measured through the changes in the electrical voltage at the crack mouth. The electrical voltage
measured across the crack mouth is related to the unbroken crack ligament resistance through the Ohm’s
law. Thus, as the crack advances, the length of the unbroken ligament decreases and its resistance
increases. In short, as the crack advances the voltage measured across the crack mouth increases.
Figure 10 shows a typical configuration of a CT specimen instrumented for crack growth measurements
by the DC potential method: the current leads are welded on the top and bottom surfaces of the
specimen, and potential leads are welded on the front face of the specimen across the machined notch
but on diagonal ends. Also, to compensate for the effects of changes in resistivity of the material with
time, an internal reference bar of the same material being tested is installed in series, near the test
specimen. The voltage readings across the reference bar are used to normalize potential drop
measurements for the CT test specimen. The changes in potential drop measurements for the CT test
specimen are transformed into crack advance data using correlations developed for the specimen
geometry that is tested. In practice, voltage readings are taken successively as the current is reversed,
and, typically, 800 voltage readings are needed to generate 1 crack advance data point, approximately
every 4 min. with a resolution of approximately 1-2 um [0.039-0.079 mils].
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Figure 10 Principle of crack length measurement by the DC potential method.
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3 Results

This section describes the results of hardness testing of the as-received and aged alloy conditions, the
findings on the microstructure examination by X-ray diffraction and TEM, and the results of SCC CGR
testing in a primary water environment. The last subsection contains descriptions for two tests on aged
specimens, both aged to 60-year service equivalents: one conducted with under alternate funding
(Specimen 400-Y60), and one conducted under this program (Specimen 370-Y 60).

3.1 Microstructure
3.1.1 Hardness

The hardness of each aged condition of Alloy 690 Heat NX3297HK 12 is shown with blue on the “aging
time equivalent vs. service time at 320°C” diagram in Figure 11. The plot shows similar increases for
all aging temperatures, with the possible exception of 370-series specimens, where hardness appears to
decrease with additional aging beyond 370-Y30 condition. The causes for the hardening — either Cr
carbide precipitation or LRO — are both known to increase susceptibility to SCC.
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Figure 11 Hardness for each aged condition is shown with blue on the aging time equivalent vs. service time at

320°C diagram.
3.1.2 X-ray Diffraction at Argonne APS

X-ray diffraction experiments were conducted at the ANL APS with the purpose of detecting LRO
formation.

Figure 12 shows the X-ray diffraction for all conditions aged to 60-year service equivalents, and one
observes that no new peaks occur in the aged materials. The same can be observed in the resulting
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spectra shown at the bottom of the picture. As described previously in Section 2.2.1, Pt;Mo superlattice
peaks with d-spacings of 3.76 A, 3.24 A, and 2.38 A would have been expected to appear in the spectra
had Pt:Mo-type ordering occurred; in the absence of these peaks, the finding is that no LRO occurred in
the aged samples.

Reference
370-Y60
400-Y60
450-Y60
% —— 690 reference
E, — 450-Y60, 690
£ ——400-Y60, 690
2 5000 —— 370-Y60, 690
3 N T— =
< —
T ' T T T T T v T g 1
1.0 1.5 2.0 25 3.0 3.5
d spacing (A)
Figure 12 X-ray diffraction for reference non-aged and all conditions aged to 60-year service equivalents. The

randomly scattered and relatively weak spots in the patterns - except the 370-Y60 - are from the
diffraction of the X-ray harmonic and do not indicate the existence of new phases. The minor peaks in
the diffraction patterns are from the TiN and the Cr23Ces phases.

In addition to the above analysis, a modest attempt was made to detect LRO in the HAZ of the weld — an
area with increased residual stress and diffusivity. Figure 13 shows X-ray diffraction spectra for aged
Alloy 690 condition 370-Y60 at the weld HAZ and away from the HAZ (“base”). As with the previous
figure, the absence of PtoMo superlattice peaks suggests that LRO did not occur in either specimen.
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Figure 13 X-ray diffraction spectra for aged Alloy 690 condition 370-Y60 at the weld HAZ and away from the HAZ
(“base”). Minor peaks in the diffraction patterns are from the TiN and the Cr23Cs phases.

3.1.3 TEM of Irradiated Alloy 690 Specimens
The TEM characterization was conducted with the purpose of detecting LRO formation in irradiated

specimens for which transfer to the ANL APS was not possible under ANL’s Limited Operations
guidelines due to the Covid-19 pandemic.

The TEM examination matrix is shown in Table 8. In addition to the irradiated alloys, the model alloy
Ni-33Cr aged for 2,000h at 475°C with LRO confirmed to occur [20] was included as well as an Alloy
690 specimen (commercial heat) that was aged alongside the model alloy.

Table 8 TEM examination matrix
Dose (dpa) Ni-33Cr, aged’ A690, aged? 690BASE? 690GBE?
0 N X
5 X
10 X
40 X X

"Model alloy Ni-33Cr was aged for 2,000h at 475°C (LRO confirmed to occur)
2Alloy 690 aged for 2,000h at 475°C (commercial companion for the model alloy)
3GBE = Grain Boundary Engineered; both conditions of this heat were SCC-tested previously

Figure 14 shows the Diffraction pattern from the model Ni-33C aged for at 475C for 2000h. The
superlattice reflections (green arrow) confirm the presence of LRO. By contrast, Figure 15 shows the
Diffraction patterns from Alloy 690 irradiated to 5 dpa, 10 dpa, and 40 dpa. The absence of superlattice
reflections suggests that LRO did not occur with the neutron irradiation in the BOR-60 reactor.
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10 1/nm

Figure 14 Diffraction pattern from the model Ni-33C aged for at 475C for 2000h. The superlattice reflections
(green arrow) confirm the presence of LRO.
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5 dpa 320C GBE
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10 dpa 320CGBE
110 zone

10 1/nm 10 1/nm__

(b)
40 dpa 320CGBE
110 zone

40 dp_a 320C non-GBE
110 zone

© (d)

Figure 15 Diffraction patterns from Alloy 690 irradiated to (a) 5 dpa, (b) 10 dpa, and (c, d) 40 dpa. The absence
of superlattice reflections suggest that LRO did not occur.

The TEM examination also focused on the occurrence and evolution of dislocation loops and voids.
Figure 16 through Figure 19 show TEM images on the Alloy 690 neutron-irradiated specimens.
Dislocation loops are the predominate features in the irradiated samples at all doses. A few precipitates
(presumably M23Cs¢ carbides) can also be seen occasionally. These carbides were present in unirradiated
Alloy 690 as well, and thus not related to the neutron irradiation. Voids, in non-significant numbers,
seem to occur only after the irradiation level has reached 40 dpa, as indicated with arrows in the figures.

Figure 20 shows the size distributions of dislocation loops at different irradiation levels. No significant
difference exists among the irradiated samples, and the average size of dislocation loops were similar for
different doses with or without prior GBE treatment. The loop density increased slightly with dose from
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1.7x10??at 5 dpa to 2.5x10%> m™ at 40 dpa. Nonetheless, the irradiated microstructure seems have been
saturated above 5 dpa in Alloy 690 at PWR-relevant irradiation temperature.

Figure 21 shows a comparison of dislocation loop density at high angle grain boundaries (HAGB), small
angle grain boundaries (SAGB), and twin boundaries (TB) as a function of irradiation level. The blue
arrow shows precipitates at a SAGB. Preferential void or precipitate nucleation at GB or TB was NOT
observed for all samples.
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rel-rod under and over focus

Figure 16 TEM images of loops and voids obtained on the 690GBE alloys irradiated to S dpa.
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under and over focus

Figure 17 TEM images of loops and voids obtained on the 690GBE alloys irradiated to 10 dpa.
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rel-rod under and over focus

Figure 18 TEM images of loops and voids obtained on the 690GBE alloys irradiated to 40 dpa. Red arrows indicate voids.
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under and over focus

Figure 19 TEM images of loops and voids obtained on the 690BASE alloys irradiated to 40 dpa. Red arrows indicate voids.
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Figure 20 Comparison of dislocation loop density as a function of irradiation level.
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10 dpa 690GBE 40 dpa 690GBE 40 dpa 690BASE

Figure 21 Comparison of dislocation loop density at high angle grain boundaries (HAGB), small angle grain boundaries (SAGB), and twin boundaries
(TB) as a function of irradiation level. The blue arrow shows precipitates at a SAGB.
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3.2 PWSCC Crack Growth Rate Testing

3.2.1 Crack growth rate testing of Alloy 690 Specimen 400-Y60, aged at 400°C for 29,445 h

The testing conditions for this specimen are given in Table 9, and the changes in crack length and K max
with time are shown in Figure 22. The test was initiated in simulated primary water at 320°C with in-
situ precracking (Pre a — Pre e), and was followed by transitioning (test periods 1-5). The SCC CGR
was evaluated under constant load in test period 6. The CGR response was low. Next, the crack was
advanced in fatigue to a different microstructure, and the transitioning sequence was repeated. The SCC
CGR was evaluated at the new location under constant load, and the response was again extremely low.

Overall, the CGR response seems consistent with that of non-aged specimens.

Table 9 Crack growth data in PWR water? for Alloy 690 Specimen 400-Y60, aged at 400°C for 29,445 h.

Test Load Rise  Down Hold Estimated Crack

Test Time, Temp., Ratio Time, Time, Time, Kmax» AK, CGRepy» CGRyip» Length,
Period h °C R S S S MPa'm!? MPa-m!? m/s m/s mm

Prea 120 319.8 0.30 1 1 0 26.6 18.6 2.48E-08 3.48E-08 12.097

Preb 138 319.6  0.30 50 50 0 26.7 18.7 5.94E-10 7.06E-10 12.136

Prec 140 319.7  0.30 1 1 0 27.2 19.1 3.52E-08 3.82E-08 12.276

Pred 142 319.5 0.30 2 2 0 27.5 19.3 2.44E-08 2.00E-08 12.365

Pree 145 319.6  0.30 5 5 0 27.7 19.4 1.01E-08 8.19E-09 12.412

1 161 319.7  0.50 120 12 0 27.8 13.9 4.27E-10 1.51E-10 12.438

2 168 319.7  0.50 600 12 0 27.8 13.9 2.11E-10 3.00E-11 12.439

3 190 319.5 0.50 1000 12 0 27.8 13.9 4.90E-11 1.80E-11 12.447

4 281 319.6  0.50 1000 12 7,200 27.9 13.9 2.58E-11 2.21E-12 12.454

5 594 320.1 0.50 1000 12 14,400 27.9 14.0 2.03E-11 1.19E-12 12.470

6 919 320.8 1.00 0 0 0 27.9 0.0 no growth - 12.470

7 921 320.0 0.30 1 1 0 28.5 20.0 6.13E-08 4.64E-08 12.618

8 936 320.3 0.30 50 50 0 28.8 20.1 2.16E-09 9.61E-10 12.686

9 938 320.3 0.30 1 1 0 29.6 20.7 7.01E-08 5.41E-08 12.894

10 944 320.7 0.50 120 12 0 29.6 14.8 6.70E-10 1.96E-10 12.919

11 985 320.2 0.50 600 12 0 29.8 14.9 1.70E-10 4.01E-11 12.941

12 1,057 3203 0.50 1000 12 0 29.9 15.0 1.02E-10 2.44E-11 12.966

13 1,127 3204  0.50 1000 12 7,200 30.0 15.0 2.50E-11 2.99E-12 12.973

14 1,156 3204 050 1000 12 14,400 29.9 15.0 4.38E-12 1.58E-12 12.970

15 2,213 320.2 1.00 0 0 0 30.1 0.0 no growth - 12.970

4Simulated PWR water with 2 ppm Li, 1100 ppm B, and 2 ppm. DO<10 ppb. Conductivity is 21+3 uS/cm, and pH is 6.4.

27

ANL/LWRS-21/1



Effect of thermal aging and irradiation on microstructure and crack growth response of Alloy 690

September 2021
1260 T— T T 745
[ Alloy 690 Heat NX3297HK12 aged . E
12.50F Specimen 400-Y60 ! ' ! ' ]
Y Simulated PWR Water at 320°C 3 ! | 40
_1240F ! . } : Period 3 v‘\ E
g L i Period 1 ) ; 49 x10"mis  Cfack Length 35 e
£ o Precracking | 43 x10"0mfs ! , 28.0 MPa m05 ! 1 <
£ 12.30F a-e | 280MPamd5 | 1 R=0.5, 1000/12 ! ] £
5) F | ! ! > ! o
g . ‘ R=0.5, 120/12 ! ! ! 7130 %
2 12.20F : ‘ g 1 1 %
[*) L ! I ! | o
g ¥ ! ! Period 2 v\ 1,5 F
O 1510k 1 21 x107"%mis DKo ]
n | 277 MPa 0% 1 :
F 1 R=0.5, 600/12 | ]
12.00F | | ! ! 1%
11.90 C ! ! i L [ ! I 1 15
120 140 160 180 200
Time (h)
(a)
12,65 T T T T T T T 60
[ Alloy 690 Heat NX3297HK12 aged 1
12.60F Specimen 400-Y60 ]
Y Simulated PWR Water at 320°C R
r -1 50
_ 1255 Period 4 Period 5 | Period 6 ]
£ [ 26 x10°mis 20 x10°mis 1 no growh 1 &
- [ 27.4MPahP® 27.7 MPa m®5 | 280 MPam {1 =
_%)12.50 [R-05,1000/f2+2h  R=0.5, 1000112 + 4h : Constant load - 40 E
s :: : o ] g
;l 12.45 W | K | . \;
[S] ] | ! | 4 g
© F ; | Crack Length | X
© 12.40 A : e v\ 7 %
12.35) Knax , 20
12.30 ST L Ll TR I Ll Ll Ll E
200 300 400 500 600 700 800 900
Time (h)
(b)
13.20[ T T T T T T T 60
[ Alloy 690 Heat NX3297HK12 aged 1
13.10 Specimen 400-Y60 i
I Simulated PWR Water at 320°C E
13.00[ 10 . 3 750
— N 7 9 1 ‘ R
£ E 'l Perod8 | L 1 v\ 1 &
£1z900 i 22 x10%mis | | : Period 11 ! 1,
% g v 2;3 svpamos || i 17 x10-1° m/s 3 Crack Length ]| 40 s
§ 12.80F Pl R=03,001Hz |} ! 29.8 MPa m°® i 1 =
E L ¥ ! R=0.5, 600/12 ‘ J =
X - [ ' : : i é
§12.70 o | ‘ ‘ £
S o | ‘ 1 : 130 ¥
12.60F 3 P ! N
g : b : Knax ]
12,50 . : 120
12.40 L | [ | | Il .
920 940 960 980 1000
Time (h)
()

Figure 22 Crack length vs. time in simulated PWR environment for Alloy 690 Specimen 400-Y60, aged at
400°C for 29,445h, during test periods: (a) precracking-3, (b) 4-6, (c) 7-11, and (d) 12-15.
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Figure 22 (cont.)

3.2.2 Crack growth rate testing of Alloy 690 specimen 370-Y60, aged at 370°C for 74,808 h

The testing conditions for this specimen are given in Table 10, and the changes in crack length and Kmax
with time are shown in Figure 23. The test was initiated with precracking in the 320°C water
environment, and was followed by transitioning (test periods 1-4), and the first SCC CGR determination
under constant load in test period 5. The response was low, so the crack was advanced to a new
microstructure and the sequence was repeated. The second SCC CGR determination was made in test
period 17. Upon reading a low SCC CGR value, an attempt was made to reactivate the crack by gentle
cycling in test period 18, and this was followed by a final test period at constant load. The SCC CGR
response in test period 19 was again low. As with the previous aged specimen, the overall CGR
response, cyclic and SCC, seems to be consistent with that of non-aged specimens.

Table 10  Crack growth data in PWR water® for Alloy 690 Specimen 370-Y60 aged for 74,808 h at 370°C

Test Load Rise  Down Hold Estimated Crack

Test Time, Temp., Ratio Time, Time, Time, Kmax» AK, CGRepy» CGRyip» Length,

Period h °C R s s s MPa'm'?  MPa-m!? m/s m/s mm

Prea 29 3194  0.30 1 1 0 26.0 18.2 2.52E-08 3.17E-08 11.952
1 47 318.8  0.50 120 12 0 26.1 13.0 2.58E-10 1.14E-10 11.983

2 122 3192 0.50 600 12 0 26.2 13.1 7.99E-11 2.35E-11 12.007

3 221 319.0 0.50 1000 12 0 26.3 13.2 4.72E-11 1.43E-11 12.024

4 365 318.5  0.50 1000 12 7,200 26.2 13.1 1.06E-11 1.71E-12 12.033

5 676 318.7 1.00 0 0 0 26.3 0.0 no growth - 12.033

6 795 318.7  0.50 1000 12 7,200 26.4 13.2 9.17E-12 1.77E-12 12.045

7 797 319.6  0.30 1 1 0 26.6 18.6 3.30E-08 3.48E-08 12.127

8 818 3199  0.30 50 50 0 26.9 18.8 1.49E-09 7.23E-10 12.185

9 797 319.6  0.30 1 1 0 27.5 19.2 4.52E-08 3.95E-08 12.362
10 821 3194  0.50 120 12 0 27.5 13.8 4.34E-10 1.44E-10 12.398
11 843 319.6  0.50 600 12 0 27.7 13.8 1.56E-10 2.95E-11 12.409
12 867 3199 050 1000 12 0 27.5 13.8 8.59E-11 1.73E-11 12.416
13 892 3194  0.50 1000 12 7,200 27.6 13.8 2.41E-11 2.13E-12 12.420
14 1,321 319.5 1.00 0 0 0 27.8 0.0 2.14E-12 - 12.423
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Table 10 (cont.)
Test Load Rise  Down Hold Estimated Crack
Test Time, Temp., Ratio Time, Time, Time, Kmax» AK, CGRepy» CGRyips Length,
Period h °C R s s s MPa-m!?  MPa-m'? m/s m/s mm
15 1,606 319.8 0.50 1000 12 0 27.7 13.9 8.01E-11 1.77E-11 12.515
16 1,750 319.0 0.50 1000 12 7,200 28.2 14.1 1.66E-11 2.32E-12 12.526
17 2,898 3194 1.00 0 0 0 28.2 0.0 1.38E-12 - 12.527
18 3,037 319.5 0.50 1000 12 7,200 28.1 14.0 1.62E-11 2.27E-12 12.536
19 4,243 319.5 1.00 0 0 0 28.2 0.0 6.98E-13 - 12.539
4Simulated PWR water with 2 ppm Li, 1100 ppm B, and 2 ppm. DO<10 ppb. Conductivity is 21+3 uS/cm, and pH is 6.4.
1220————————— 7T T——T——T7— 80
| Alloy 690 Heat NX3297HK12 aged ]
| Specimen 370-Y60 h
- Simulated PWR Water at 320°C Period 2 1 70
12.10F ) 2.1 x10"%m/s ]
- Period 1 27.7 MPa md5 ; 360
£ C Pre 26 x107"%m/ss ! R=0.5, 600/12 ' ] —~
€ r a | 262MPam®s | P18
= 1200 : | R=05, 12012 | : 1 50 E
2 r i ' ' V\ | ] o
g i | ‘ : | 1 =
% B ' ! ! Crack Length ! 140 %
i i 1 1 | ] £
51100 vl ‘ A B
I L/ i . Y
11.80[ P 3 K. | J20
- [ ! L ! ! ! L [ 10
20 40 60 80 100 120
Time (h)
(a)
1245 T T T T ™ 80
| Alloy 690 Heat NX3297HK12 aged ]
I Specimen 370-Y60 h
[ Simulated PWR Water at 320°C 170
1210 Period 5 ]
I Period 4 no growth .
T L Period 3 11 x10" m/s ‘ 26.3 MPa m®5 ] € .
£ Fl 47 x10"" m/s | 26.2 MPa m®5 ! Constant load ! 4 [
120500 s63mpamos | R=05,1000/12+2h ; 150 €
S |1 R=0.5,100012 ! e e g ‘ # ©
5 w ' | ] %
4 L ! i i j =
P | | ! 140
§ 12.00¢ ! ! i Crack Length | B §
S ! ! | I
o ! ! l 130
11.95[ ! ! o b
T h : : AN 20
M ! H Kmax i ]
11.90 [ Ll P L1 Ll Ll Wl 10
200 300 400 500 600 700
Time (h)
(b)

Figure 23 Crack length vs. time in simulated PWR environment for Alloy 690 Specimen 370-Y60, aged for

74,808 h at 370°C, during test periods: (a) precracking-2, (b) 3-5, (c) 6-13, (d) 14-17, and (e) 18-
19.
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Figure 23 (cont.)
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4 Discussion

This section provides summary of the aging and irradiation effects in Alloy 690 and discusses the
potential implications on performance. The testing results of aged alloys are discussed in the framework
provided by the well-established fatigue and corrosion fatigue behavior for these alloys, as well as the
industry-proposed disposition curves for crack growth.

4.1 Effects of aging and neutron-irradiation on microstructure of Alloy 690
4.1.1 Hardness

The hardness of aged Alloy 690 specimens, irrespective of aging temperature — 370°C, 400°C, or 450°C
— was found to increase with aging time, Figure 11. The increases are similar, except for 370-Y30,
where hardness appears to decrease with additional aging. Coincidentally similar to the study by
Houtilainen [37] mentioned previously, 400°C was one of the aging temperatures in the ANL effort as
well, however, the aging times of 13,000 and 29,000 h in the ANL study were significantly longer than
those in reference [37]. It is also interesting to note that similar to the heats in reference [37], the Fe
content in the ANL heat is also less than 10 wt. % (9.9 and 8.53 wt. % in two independent
measurements, Table 1). However, the resulting hardening in the ANL heat (AH = 30) is less than that
reported by Houtilainen (AH = 40-100, [37]), but closer to that reported by Young [3]. The hardening in
the latter study was demonstrated to be due to LRO.

While LRO and its effect on SCC response is one of the main questions that this research is attempting
to answer, it is important to keep in mind that the microstructural effects of thermal aging have been
studied extensively in the past, leading to a comprehensive understanding of thermally-induced Cr
carbide precipitation along grain boundaries [24], further resulting into an overall an increase in
hardness. From an SCC susceptibility standpoint, Cr carbide precipitation depletes Cr from solution,
and thus could potentially decrease resistance to SCC. In essence, an increase in hardness, whether due
to LRO formation or Cr-carbide precipitation, or both, can potentially have only a negative effect on the
SCC resistance, and hence needs to be investigated experimentally. The two tests presented in this
report address that need.

4.1.2 Long range Ordering (LRO) in Alloy 690 aged or neutron-irradiated

LRO was not detected in the aged or the neutron irradiated specimens. It significant to note that the
Alloy 690 Heat NX3297HK 12 used in the aging study has a Fe content below 10 wt. % (9.9 and 8.53
wt. % in two independent measurements, Table 1), so it could have been be prone to developing LRO
under long term exposure. For the neutron-irradiated alloys, one heat, 690 GBE, has a Fe content of
10.26 wt. % which makes it comparable to that used in [8], in which proton irradiation of 2.5 dpa at
360°C was found induce LRO. The Fe level in the second neutron-irradiated Alloy 690 heat, 690
BASE, was 9.02 wt. %, so it would have been be prone to LRO formation.

4.1.3 Microstructure of Neutron-Irradiated Alloy 690

No LRO was detected among the neutron-irradiated Alloy 690 as evident by the lack of superlattice
reflections in the zone axes. This result contradicts to the proton-irradiation study where LRO was
clearly visible at ~2 dpa. One possible reason for this discrepancy is the irradiation temperature. While
the proton irradiation was performed at 360C, the BOR-60 irradiation was conducted at a lower
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temperature. Additional investigation is needed to explore a wider range of irradiation temperature and
dose rate.

Dislocation loops were the dominate microstructure in the Alloy 690 irradiated at PWR-relevant
temperature. With the increasing dose from 5 to 40 dpa, the dislocation density increased slightly while
the dislocation size remained the same. Scattered carbides can be seen in unirradiated 690, and neutron
irradiation did not change the pre-exist carbides. Although small voids of a few nm in size were
observed at 40 dpa, their density was extremely low. As a result, volumetric swelling resulting from
these voids would be negligibly small for these samples. This is consistent with previous study on
austenitic stainless steels that, void formation is insignificant for irradiations at PWR-relevant
temperature.

The TEM characterization also revealed that the GBE treatment did not lead to significantly different
irradiation microstructure. The evolution of the dislocation loops was similar near high-angle and CSL
boundaries in Alloy 690, and no difference was detectable up to 40 dpa.

4.2 Effects of aging on crack growth response of Alloy 690

4.2.1 Cyclic response of aged Alloy 690

Figure 24 presents the cyclic CGR data obtained on Alloy 690 Heat NX3297HK 2 in the as-received
and two aged conditions. In the figure, the cyclic CGRs measured in the environment are plotted vs. the
CGRs predicted in air under the same loading conditions for Alloy 690. In this representation, the
environmental enhancement, i.e., the departure from the “1:1 diagonal” can be easily visualized.
Correlations describing cyclic CGRs in air and LWR environments have been established by ANL for
Alloy 600, 690, Ni-base weldments as well as SSs [25-29]. For comparison, the expected cyclic CGR
curve for Alloy 600 was also included. Figure 24 shows that, as expected, the cyclic CGRs in the
mechanical fatigue regime (108-107 m/s) are exactly as expected, and that is true for both aged
specimens as well as the specimen tested in the un-aged, as-received (AR) condition. In fact, it is the
un-aged specimen whose fatigue CGRs are slightly lower than expected, and that may be due to the fact
that this specimen was purposely aligned in a region with a high density of Cr-carbide and grain size
banding as, at the time, these microstructural features were believed to promote SCC [14]. In the
corrosion fatigue regime (107''-10" m/s), there is no difference between the aged specimens and the
non-aged, AR specimen. Also, unsurprisingly, at the lower end of the spectrum, the environmental
enhancement of all three Alloy 690 specimens is lower than the Alloy 600 curve.

In summary, the fatigue and corrosion fatigue CGR response of the two Alloy 690 Heat NX3297HK 12
specimens aged to 60-year service equivalents is similar to that of the un-aged condition.
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Cyclic CGRs measured in the environment vs. CGRs predicted in air under the same loading conditions
for Alloy 690 Heat NX3297HK12 in the as-received and two aged conditions.

4.2.2 SCCresponse of aged Alloy 690

Figure 25 presents the SCC CGR data for the Alloy 690 Heat NX3297HK 12 in the as-received and two
aged conditions vs. stress intensity factor, K. For context, the proposed disposition curves for Alloys
600 [30] and 690 [2] are included. The “no growth” SCC CGRs are plotted at 1x10°!* m/s as proposed
inref. [1]. Figure 25 shows that the SCC CGR data for the un-aged, AR specimen was “no growth”
despite increasing K to over 50 Mpa m'2. Likewise, the SCC CGR data for the aged specimen was
either “no growth” or extremely small. The EPRI MRP-386 [2] proposed disposition curve seems to
bound the SCC CGR data from both the aged and un-aged specimens, hence, aging to 60-year service
equivalents did not have a negative effect on the SCC resistance of this Alloy 690 heat.
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Figure 25 SCC CGRs for Alloy 690 Heat NX3297HK12 in the as-received (AR) and aged conditions. The data

obtained on the as-received specimen was included in the MRP-386 [2] database (ID 501-502) and were
used in the determination of the proposed disposition curve for Alloy 690 [2]. The proposed disposition
curve for Alloys 690 [2] and 600 [30] is also included for comparison.
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5 Conclusions

The need for an assessment of the long term aging effects on performance in Alloy 690 and associated
weldments was identified as a research gap in the Light Water Reactor Sustainability (LWRS)
stakeholders report for 2020 [9], being recognized as such by both industry [2, 10] and regulators [11].
The research undertaken in this program is beginning to address that gap. Specifically, the work focused
on the microstructural evolution and the SCC response of Alloy 690 under accelerated thermal aging
and irradiation conditions. The materials studied involved Alloy 690 from two sources: (i) Alloy 690
plate from an Alloy 152 dissimilar metal weld (DMW) joining the Alloy 690 plate and Alloy 533, aged
at three different temperatures (370°C, 400°C and 450°C) for up to 75,000h, and (ii) specimens neutron-
irradiated in the BOR-60 reactor up to 40 dpa. The conclusions of the program are as follows:

e For aged Alloy 690 specimens, hardness was found to increase with aging time, however, the
microstructural characterization by means of synchrotron X-ray did not find evidence of LRO.

e The microstructural characterization of neutron-irradiated Alloy 690 specimens by TEM found
no evidence of LRO.

¢ Dislocation loops were the dominant defects in the neutron-irradiated Alloy 690. Preexisting
carbide precipitates were not affected by the irradiation, and void swelling was negligible at 40
dpa.

e Testing in a primary water environment of Alloy 690 specimens aged to a 60-year service
equivalent revealed a fatigue and corrosion fatigue crack growth responses similar to those
measured on the un-aged alloy. The SCC CGR response was also low, with individual data
points bound by the SCC disposition curve proposed in EPRI MRP-386 [2].

e Overall, the Alloy 690 heats aged up to 60-year service equivalents of exposed to neutron
irradiation up to 40 dpa did not exhibit a deterioration in microstructure or performance.
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